Objective: Hyperthyroidism is associated with increased metabolism ("thyroid thermogenesis") and elevated body temperature, often referred to as hyperthermia. Uncoupling protein-1 (UCP1) is the protein responsible for nonshivering thermogenesis in brown adipose tissue. We here examine whether UCP1 is essential for thyroid thermogenesis. Methods: We investigated the significance of UCP1 for thyroid thermogenesis by using UCP1-ablated (UCP1 KO) mice. To avoid confounding factors from cold-induced thermogenesis and to approach human conditions, the experiments were conducted at thermoneutrality, and to resemble conditions of endogenous release, thyroid hormone (thyroxine, T4) was injected peripherally. Results: Both short-term and chronic thyroxine treatment led to a marked increase in metabolism that was largely UCP1-independent. Chronic thyroxine treatment led to a 1e2 C increase in body temperature. This increase was also UCP1-independent and was maintained even at lower ambient temperatures. Thus, it was pyrexia, i.e. a defended increase in body temperature, not hyperthermia. In wildtype mice, chronic thyroxine treatment induced a large relative increase in the total amounts of UCP1 in the brown adipose tissue (practically no UCP1 in brite/beige adipose tissue), corresponding to an enhanced thermogenic response to norepinephrine injection. The increased UCP1 amount had minimal effects on thyroxine-induced thermogenesis and pyrexia. Conclusions: These results establish that thyroid thermogenesis is a UCP1-independent process. The fact that the increased metabolism coincides with elevated body temperature and thus with accelerated kinetics accentuates the unsolved issue of the molecular background for thyroid thermogenesis.
INTRODUCTION
Hyperthyroidism is associated with increased metabolism [1e3] and an increased body temperature. The molecular nature of the increased metabolism has not been clarified as yet, although several investigations point to the possibility that the increased metabolism is due to activation of brown adipose tissue through a centrally mediated effect [4e6] . According to this tenet, thyroxine (T4) released from the thyroid gland would reach areas within the ventromedial hypothalamus, and this would result in stimulation of brown adipose tissue through activation of the sympathetic nervous system. This means that the stimulation of thermogenesis by thyroid hormone would occur in a similar manner to the stimulation induced by cold (for classical nonshivering thermogenesis) [7, 8] or food (for so-called diet-induced thermogenesis) [9] . It would thus occur through the release of norepinephrine from the sympathetic nervous system and stimulation of the brown-fat cells. In the brown-fat cells, thermogenesis would then occur due to activation of the brown-fat-specific uncoupling-protein-1 (UCP1) [7, 8] . Additionally, there is evidence for peripheral effects of thyroid hormone on the brown adipocytes themselves: the expression of UCP1 requires the presence of thyroid hormone [10] and the expression in brown adipose tissue of the deiodinase that converts thyroxine to T3 is highly positively correlated with brown adipose tissue recruitment [11e14] . To assess the generality of the observations concerning centrally administered thyroid hormone for the more physiological condition of peripherally released thyroid hormone (mimicking the release from the thyroid gland), we have examined here thyroid thermogenesis induced by peripherally administered thyroxine in wildtype mice as compared to mice devoid of UCP1 (UCP1 KO mice). In the UCP1 KO mice, both brown and brite/beige adipocytes completely lose their ability to carry out adrenergically induced thermogenesis [15, 16] . The investigations were performed at thermoneutrality to avoid activation Department of Molecular Biosciences, The Wenner-Gren Institute, Stockholm University, Stockholm, Sweden of brown adipose tissue by cold stress [17] and to better approach human conditions. We found that thyroid thermogenesis was practically independent of the presence of UCP1. Also the increase in body temperature was UCP1-independent; this elevated body temperature was thus not hyperthermia but was due to a thyroid hormone-induced increase in the defended body temperature: pyrexia.
MATERIALS AND METHODS

Animals
All experiments were approved by the North Stockholm Animal Ethics Committee. UCP1 KO mice originated from the institute's own breeding and were the descendants of those earlier described [18] ; they had been back-crossed to wildtype C57Bl/6 for at least ten generations; the wildtype (C57Bl/6) mice were obtained from Nova, Germany. During experimentation, mice were housed at 30 C with relative humidity of 45e52%, and a 12 h/12 h lightedark cycle. They were single caged and had free access to standard chow diet and water. Body weight and food consumption were measured daily. Food consumption was determined by weighing the food offered and the remaining food in the cages every day. Rectal temperature was measured using a rectal probe for mice and a BAT-12 microprobe thermometer (Physitemp Instruments, Inc. USA). These procedures were performed daily at 30 C ambient temperature between 10 a.m. and 2 p.m.
Magnetic resonance imaging
The body composition of the mice was measured where indicated by magnetic resonance imaging (MRI) using a magnetic resonance scanner (Echo MRIÔ) for small animals. The mouse was placed in a translucent plastic tube while conscious and positioned carefully so that it did not move during the measurement. The tube was then inserted into the magnetic resonance imaging apparatus; the measurement itself took about 30 s.
Induction of hyperthyroidism
To induce a state corresponding to hyperthyroidism, L-thyroxine was injected daily for 3 days or 21 days as indicated. L-Thyroxine was obtained from SigmaeAldrich (Germany) and dissolved in sterile physiological saline solution with NaOH. The pH of the final solution was 7e8. The vehicle control was the saline solution containing the same amount of NaOH. Solutions were prepared weekly and were aliquoted into daily portions and stored at 4 C until used. L-Thyroxine was administered by subcutaneous injection (s.c.) into the back of the animal at a dose of 2 mg/kg body weight; the injection volume did not exceed 50 ml.
Indirect calorimetry for basal metabolic rate
The metabolic rate of the mice was measured for two nights and one day using an indirect calorimetry system (INCA) from Somedic, Sweden. In their home cages, mice were placed in a temperaturecontrolled chamber; air was pumped through, and oxygen consumption and carbon dioxide production data were collected every second minute. Inside the chamber, the mice had free access to standard chow diet and water, the ambient temperature was set to 30 C, and mice experienced the same 12 h/12 h lightedark cycle as they did in the housing rooms. The mice were usually placed into the indirect calorimeter at about 5 p.m. Data from the first night were discarded as it was considered to be adaptation time to the new environment. The data recorded in the 24 h from 8 a.m. to 8 a.m. the next day were used for analysis. The experiments were performed at the end of the respective L-thyroxine treatment period.
Indirect calorimetry for norepinephrine stimulation
For norepinephrine stimulation, the mice were anesthetized by an intraperitoneal injection of pentobarbital at a dose of 75 mg/kg body weight. The mice were placed in the indirect calorimeter at 33 C immediately after the anesthesia showed full effect; this high ambient temperature was used as the mice otherwise drop in body temperature during anesthesia. The metabolic rate under anesthesia was recorded for about 30 min, then 1 mg/kg body weight L-(À)-norepinephrine bitartrate salt monohydrate (SigmaeAldrich, Germany) dissolved in physiological saline solution was injected subcutaneously behind the neck to induce thermogenesis.
2.6. Short-term stimulation with L-thyroxine Short-term stimulation with L-thyroxine was performed in a total of 24 female mice, 16 wildtype (C57BL/6) and 8 UCP1 KOs; an additional 16 female wildtype and 8 female UCP1 KO mice received vehicle treatment. The treatment was started at the age of 12 weeks; wildtype mice weighed 21e27 g and UCP1 KO mice weighed 19e 24 g. One week prior to treatment, animals were acclimatized to 30 C and they were single-caged 4 days prior to treatment. The Lthyroxine treatment lasted for 3 days, and body composition was analyzed by MRI on days 1 and 3. From the evening of day 3 to the morning of day 5, metabolic rates were recorded by indirect calorimetry as described in section 2.4; afterwards the animals were stimulated with norepinephrine, as described in section 2.5. Mice were euthanized with CO 2 while still under pentobarbital anesthesia.
Chronic stimulation with L-thyroxine
The chronic effect of L-thyroxine treatment on mice was evaluated in 16 female and 16 male wildtype (C57BL/6) mice and 16 female and 16 male UCP1 KO mice; half of each group received subcutaneous Lthyroxine injections, whereas the other half received subcutaneous vehicle injections. The treatment started at the age of 12 weeks and was continued for 21 days; mice weighed 20e23 g (wildtype female), 24e 26 g (wildtype male), 17e23 g (UCP1 KO female), and 21e30 g (UCP1 KO male) at the start of the treatment. The mice were acclimatized to 30 C for 9e11 days prior to treatment and single-caged 2e4 days prior to treatment. The body composition of the mice was analyzed by MRI on day 0 (one day before treatment), day 8, day 15 and day 21. From the evening of day 21 to the morning of day 23, metabolic rates were recorded by indirect calorimetry as described in section 2.4; afterwards the mice were anesthetized and then stimulated with norepinephrine as described in section 2.5. Mice were euthanized with CO 2 while still under pentobarbital anesthesia. Interscapular brown adipose tissue (IBAT), inguinal white adipose tissue (ingWAT), and gonadal white adipose tissue (gWAT) were quantitatively dissected, weighed and snap-frozen and stored at À80 C for further analysis.
2.8. Influence of ambient temperature on rectal temperature To investigate the influence of different ambient temperatures on the rectal temperature of the mice, the mice were exposed to different ambient temperatures for 1 h starting at 1 p.m. and their rectal temperature was then measured at 2 p.m. Ambient temperatures for this experiment were thermoneutrality (30 C), room temperature (23 C), and 4 C. 2.9. Thermoregulatory metabolic responses to an ambient temperature ramp The mice were placed inside the indirect calorimeters in their home cages at 8 a.m. They were allowed to adapt to their new environment for 3.5 h at 30 C; then the temperature was decreased 5 C every 1.5 h until an ambient temperature of 5 C was reached.
During the last 30 min at each temperature, the average of 10 measurement values obtained from resting animals was taken to represent the resting metabolic rate at that particular ambient temperature. As we have experienced that the mice tolerate higher temperatures poorly, we did not increase the ambient temperature above 30 C.
Western blot analysis
For protein analysis, tissues samples were homogenized in RIPA buffer with protease inhibitor (Complete-Mini, Roche Diagnostics). IBAT was mechanically homogenized in 10 ml/g RIPA buffer and ingWAT in 3 ml/ g RIPA buffer. After homogenization, the samples were centrifuged at 14 000 Âg for 15 min and the supernatant collected. Protein concentration was measured with PierceÔ BCA Protein Assay kit (Thermo Fisher, 23225), essentially following the manufacturer's instructions. Samples were prepared with 1:1 ratio of sample buffer (66 mM Trise HCl pH 6.8, 73 mM SDS, 360 mM glycerol, 50 mM DTT and a very small amount of BpB) and placed at 95 C for 5 min. To determine relative UCP1 expression, 0.4 mg thyroxine-treated IBAT, 2 mg vehicletreated IBAT and 10 mg ingWAT were loaded onto a 12% SDSpolyacrylamide gel. To quantify between membranes, 2 mg of an internal standard, consisting of pooled IBAT from several mice, was loaded on each membrane. Following electrophoresis, the protein was transferred, via electroblotting, to a polyvinylidene difluoride membrane. The membrane was blocked in 5% low-fat milk and incubated with UCP1 polyclonal antibodies (rabbits inoculated with the mouse UCP1 C-terminal decapeptide) and anti-rabbit IgG HRP-linked antibody (Cell Signaling, 7074); the primary antibody was diluted 1:12 000 in 5% BSA and the secondary antibody was diluted 1:12 000 in 2.5% low-fat milk. Chemiluminescence was detected in a CCD camera (Fujifilm) with detection reagent (Clarity Western ECL Substrate, BioRad). Ponceau S (0.1% with 5% acetic acid) was used for loading control (not shown). The samples were analyzed blinded; samples closest to the mean for each group were selected for a display membrane. For quantification, the internal standard was set to 1 AU. Quantification was performed with Image Gauge 3 software. All values are expressed as mean AE standard error.
Statistical analysis
Statistical analysis was performed with Prism, using Student's twotailed non-paired t-test. P values below 0.05 were considered statistically significant. To estimate the statistical uncertainties of values calculated as differences between means, the SD was calculated in quadrature (i.e. as the square root of the sum of the ingoing squared SDs). The SD values thus obtained were also used for calculations of statistical significances of these differences between means.
RESULTS
3.1. Thyroxine markedly increases metabolic rate independently of UCP1 To evaluate the significance of brown adipose tissue and particularly that of UCP1 for the metabolic effects of thyroid hormone, we investigated mice acclimated to thermoneutrality. In this way, confounding effects of the cold exposure associated with standard mouse housing at 20 C are avoided, and these conditions better approach human metabolic conditions, since humans effectively rarely encounter prolonged cold stress [17] . Although T3 is the genomically active form of thyroid hormone, we used treatment with thyroxine (T4) rather than with T3. In this way, the analysis included components of the peripheral deiodinase system that metabolizes T4 to T3. This is of particular interest in relation to brown adipose tissue and UCP1 involvement in the metabolic response to thyroid hormone, since brown adipose tissue expresses high levels of deiodinase 2, and because the expression and activity of this enzyme is highly correlated with the recruitment and activity state of the tissue [11e14]. To ensure that the metabolic effects of thyroxine were fully induced, we used thyroxine doses that were intended to be fully saturating for the thyroid hormone receptor and thus were higher than the doses used for re-establishing a euthyroid state in hypothyroid animals. It should be noted that these mice are not formally hyperthyroid in that they do not have an increased thyroid hormone level due to overactivity of their thyroid gland but due to the thyroxine treatment. Instead, these mice present with thyrotoxicosis, i.e. the physiological state induced by an elevated level of thyroid hormone, irrespective of whether the thyroid hormone is of endogenous or exogenous origin (although these terms are occasionally used interchangeably). We examined these mice versus normal, i.e. euthyroid, mice.
Short-term thyroxine treatment
To be able to distinguish between direct and adaptive effects, we first examined the more acute metabolic effects of thyroid hormone treatment. When examined on the fourth day, wildtype mice that were permanently housed at thermoneutral temperature and treated peripherally with thyroxine (T4) (2 mg/kg) for three days showed a marked increase in metabolic rate throughout the light/dark cycle ( Figure 1A) , with no effect of thyroxine on the underlying circadian rhythm. This is principally as expected [19, 20] , although few earlier studies have been performed at thermoneutrality, and confounding effects of alterations in heat loss etc. in earlier studies could have influenced the metabolism observed (as earlier discussed in other contexts [21] ). Notably, mice with an ablation of the UCP1 gene showed an increase in metabolism of similar magnitude to that observed in wildtype mice ( Figure 1B ), in itself demonstrating that UCP1 activity is at least qualitatively dispensable for the hypermetabolism induced by our thyroxine treatment. Subtraction of the metabolic rates of the vehicletreated mice from the thyroxine-treated mice allowed for an evaluation of the effect of thyroxine on metabolic rate in the two genotypes ( Figure 1C ). Clearly, the major effect of thyroxine treatment on metabolic rate occurred during the night, the active phase. There appeared to be only a marginal difference between the wildtype and the UCP1 KO mice. Average metabolic rates calculated for the whole of the light as well as the dark cycles are shown in Figure 1D ,E. While it was again clear that thyroxine caused a marked increase in metabolic rate, there appeared to be only a minor e if any e effect of ablation of the UCP1 gene on the metabolic effect of thyroxine ( Figure 1F ).
Chronic thyroxine treatment
While the above results indicated that UCP1 was dispensable for the more acute thyroxine-induced increase in metabolism, the treatment was only for three days, and full recruitment of UCP1 takes weeks [7] . As the mice were housed at 30 C, even the wildtype mice would be expected to possess only minor amounts of UCP1 [22] and thus the contribution e if any e of UCP1 would be small. There are reports that even in euthyroid animals, thyroxine can increase UCP1 expression [20, 23, 24] . This being the case, a more prolonged treatment with thyroxine may result in UCP1 amounts of sufficient magnitude to significantly influence the metabolic response to thyroxine. The mice were therefore treated peripherally with the same daily dose of thyroxine as before but now for three weeks. Wildtype mice showed a dramatic increase in metabolic rate as a consequence of the prolonged treatment, notably greater than in the short-term treatment and resulting in as much as a doubling of their metabolic rate, again without any effect on the underlying circadian rhythm (Figure 2A ). The UCP1-ablated mice also showed a very marked increase in metabolic rate, which was also notably greater than that in the short-term treated mice ( Figure 2B ). The calculated effect of thyroxine on metabolic rate can be seen in Figure 2C . This effect did not now show marked circadian variation, but the thyroxine effect appeared to be somewhat smaller in the UCP1 KO than that in the wildtype mice. Average metabolic rates during the light and dark phases were calculated as above ( Figure 1D ,E) and are shown in Figure 2D ,E. Calculation of the thyroxine effect on the averaged metabolic rates shows that chronic thyroxine treatment clearly led to greater increases in metabolic rates than the acute treatment ( Figure 2F versus Figure 1F ) in both wildtype and UCP1-ablated mice and both during day-time and night-time (all P 0.001). Ablation of the UCP1 gene did result in a somewhat reduced response to thyroxine treatment during the light phase, but the difference did not reach statistical significance during the night phase ( Figure 2F ). Values calculated as mean vehicle-treated minus mean L-thyroxine treated. Statistical uncertainty was estimated as indicated in Methods. Here and in the following graphs, *, ** and *** indicate a statistically significant effect of thyroxine treatment within the genotype (P < 0.05, <0.01 and P < 0.001, respectively. Similarly, #, ## and ### indicate statistically significant differences between wildtype and UCP1 KO within the treatment.
3.2. Effect of chronic thyroxine treatment on body weight gain and food intake Since the thyroxine-treated mice demonstrated markedly elevated levels of metabolism, this would be expected to result in decreases in body weight and/or increases in food intake. These parameters were measured during the three-week treatment period in both genotypes. It can be seen in Figure 3A ,B that e perhaps in contrast to expectations in a hyperthyroid-simulating state e both groups of thyroxine-treated mice slightly (1e2 g) increased body weight to about the same extent and by at least twice the amount that the vehicle-treated mice increased. This was mainly due to an apparent increase in lean mass gain (Figure 3CeF ). However, there were very marked increases in food intake in the mice of both genotypes, such that at the end of the experiment, the thyroxine-treated mice from both groups consumed approximately double as much food as the vehicle-treated mice ( Figure 3G ,H), which would be necessary to compensate for the vastly increased metabolic rate ( In both genotypes, the extra food intake would in itself explain some fraction of the increase in metabolism, due to obligatory diet-induced thermogenesis. Based on established values for the metabolic cost of processing lipid, carbohydrate and protein (2.5, 7.5 and 25 energy%, respectively) [25] , the composition of the diet (10, 70 and 20 energy%, respectively) and a calorific equivalent of oxygen consumed of 20 J per ml O 2 , (cf. [26, 27] ), the obligatory thermogenesis would amount to about 10% of the increased metabolism. The effect of thyroxine on daily food intake was equivalent to an extra 2e3 g chow per day (z28 to z 38 kJ). Since much of this extra food probably remained in the digestive tract at the time of body composition measurement, this extra food may explain the apparent increase in "lean" mass, rather than thyroxine itself having led to such an increase. This would also be an explanation for the apparent body weight increase observed in Figure 3A ,B.
3.3. Chronic thyroxine treatment elevates body temperature Hyperthyroidism in wildtype animals is generally associated with elevations in body temperature (e.g. [28] ). In accordance with this, chronic thyroxine treatment of both wildtype mice and UCP1 KO mice resulted in body temperatures that were more than 1 C higher than those of vehicle-injected mice ( Figure 4A,B) . Interpretation of the elevated body temperature can be complex. The mice were housed at thermoneutrality and thus could not easily dispose of excess metabolic heat to the surroundings. In the absence of a simple means to dispose of heat, the thyroxine-induced increase in metabolism could therefore lead to hyperthermia, i.e. an undesired and undefended increase in body temperature. Alternatively, the higher body temperature could be the consequence of a thyroxine-induced change in the regulated body temperature ("set-point"), making the metabolic increase necessary to maintain (or be a consequence of) the new "desired" body temperature; the increased body temperature could then be considered a pyrexia (a defended elevation of body temperature, i.e. a fever not induced by an infection) (for a discussion of the terminology of body temperature regulation, see e.g. [29] ). To distinguish between these possibilities, the mice were exposed to lower ambient temperatures, such that they would be able to easily dispose of excess heat and therefore avoid hyperthermia. The wildtype results are seen in Figure 4C . It is evident that the mice defended their higher body temperature at 23 C, in spite of the fact that they could now readily dispose of heat to the environment through vasodilation. Even when exposed to severe cold at 4 C, the higher body temperature of thyroxine-treated mice was defended. Thus, these experiments established that the increased body temperature was not hyperthermia caused by the increased thermogenesis, because even when heat could easily be disposed of, the mice defended the higher body temperature, i.e. it was pyrexia. The thyroxine-treated UCP1 KO mice also defended their high body temperature at 23 C, also indicating that the higher body temperature was not hyperthermia ( Figure 4D ). For both groups of UCP1 KO mice, the 4 C exposure led to a marked decrease in body temperature. This was most likely due to an inability of the mice, in the absence of UCP1-mediated thermogenesis, to generate enough heat to defend the desired, elevated body temperature (c.f. [30] ). To further analyze the question as to whether the elevated body temperature is hyperthermia or pyrexia, total energy expenditure was measured in the mice over a range of ambient temperatures, allowing construction of so-called Scholander curves that provide information about insulation and defended body temperature. The results of these measurements are given in Figure 4E ,F. For the vehicle-treated wildtype mice ( Figure 4E) , energy expenditure increased as expected linearly with decreasing ambient temperature. Theoretically, this line would extrapolate to the defended body temperature that is 37 C according to Figure 4A ; in reality, the line extrapolated to about 3 C above this. For the thyroxine-treated wildtype mice, the energy expenditure was elevated above that in the vehicle-treated mice at all ambient temperatures. The curve was essentially shifted upwards and in parallel with the vehicle-treated curve, extrapolating to a higher defended body temperature, also higher than the measured body temperature but clearly qualitatively in the direction that would be expected if the increased metabolism was pyrexia rather than hyperthermia (where they would extrapolate to the same temperature). This demonstrates that the thyroxine-treated animals were indeed defending a higher body temperature than the wildtype mice, showing that they were pyrexic and not hyperthermic. It may also be discerned from the graph that the thyroxine treatment allowed them to have an extended thermoneutral zone down to about 25 C. Since the curves for the increases in energy expenditure as a consequence of the decreasing ambient temperature were practically parallel, it can also be concluded that there were no changes in insulation caused by the thyroxine treatment. For the vehicle-treated UCP1 KO mice, a similar curve to that for the wildtype mice was obtained: energy expenditure increased with decreasing ambient temperature ( Figure 4F ). The thyroxine-treated UCP1 KO mice elevated their metabolism until the ambient temperature reached 10 C but after that failed to be able to elevate it more; in fact, it decreased, corresponding to the fall in body temperature (cf. Figure 4D) . Thus, basically, both wildtype and UCP1 KO mice responded to decreasing ambient temperature by increasing metabolism, and thyroxine treatment shifted the curves upwards in parallel. The increased metabolism was therefore not due to an increased heat loss.
Norepinephrine-stimulated increase in metabolic rate
That the metabolic response to the chronic thyroxine treatment was greater than that to the three-day treatment could imply that there had been a recruitment of thermogenic capacity as a result of the prolonged treatment. Thermogenesis can be induced through nonadrenergically or adrenergically induced mechanisms. Adrenergic thermogenic capacity can be evaluated by measuring the metabolic response to an injection of norepinephrine. Brown adipose tissue thermogenesis is primarily mediated by norepinephrine released from sympathetic nerves innervating the tissue. A bolus injection of norepinephrine can therefore mimic local nervous stimulation of the tissue but will, of course, also activate all cells in the body that are responsive to norepinephrine. The UCP1-mediated response can be estimated as the difference between the maximal thermogenic response in wildtype mice minus the maximal response in UCP1 KO mice. The mice are anesthetized in these procedures so as to prevent activity changes from blurring the responses.
3.4.1. Norepinephrine response in short-term thyroxine-treated mice The increase in oxygen consumption resulting from norepinephrine (NE) stimulation of the mice that had been treated for three days with thyroxine is presented in Figure 5A ,B. When the thyroxine-elevated resting metabolic rate (that even during anesthesia was higher in the thyroxine-treated mice) is subtracted from the NE response ( Figure 5C,D) , it is seen that the predominant effect of thyroxine in the wildtype mice was an apparent change in kinetics ( Figure 5C ). In the UCP1 KO mice, NE injection induced only a modest increase in thermogenesis, as expected since the UCP1-dependent component was absent; the magnitude was somewhat higher in the thyroxine-treated mice ( Figure 5D ). Subtraction of the response in the UCP1 KO mice from the response in the wildtype mice results in the UCP1-dependent response ( Figure 5E ). It is clear that the kinetics are much more rapid in the thyroxine-treated mice, but the magnitude of the response is only marginally higher in the thyroxine-treated mice.
Norepinephrine response in chronically thyroxine-treated mice
Norepinephrine-injection experiments similar to those in the short-term thyroxine-treated mice also were performed after chronic thyroxine treatment ( Figure 5F ,G). There was a very marked effect of thyroxinetreatment on the kinetics of the response to norepinephrine in the wildtype mice, indicating a very rapid and high heat production rate ( Figure 5F ). The mice did not tolerate the treatment and the experiment had to be terminated. The response recorded is thus an underestimate of the real thermogenic potential that thus could not be determined. Also in the UCP1 KO mice there was a higher maximal response to norepinephrine in the thyroxine-treated group than in the vehicletreated mice ( Figure 5G ). Although this may be interpreted as an indication of a recruitment of a (novel) UCP1-independent adrenergic thermogenic mechanism, it may be remembered that the thyroxinetreated mice maintained a higher body temperature than the euthyroid mice; the augmented response to norepinephrine injection is likely an effect of the higher temperature as such. 
Changes in adipose tissues following thyroxine treatment
After the chronic thyroxine treatment, the interscapular brown adipose tissue depot in the wildtype mice was very markedly increased in size ( Figure 6A ). In the UCP1 KO mice, similar but somewhat smaller changes were observed. In the white adipose tissue depots of both genotypes, the effect of thyroxine treatment was the opposite, that is a lower wet weight ( Figure 6B ). Thus, although food intake was increased considerably during thyroxine treatment, this was not sufficient to allow for the same degree of lipid storage in the white adipose depots as in the euthyroid state, indicating a very high energy consumption.
3.6. UCP1 levels were greatly augmented following chronic thyroxine treatment The increase in total IBAT wet weight could either be due to lipid replenishment in the tissue (in which case the total protein amounts in the tissue would only be expected to increase marginally) or it could be due to a recruitment of the tissue, in which case protein levels should also markedly increase. In fact, total protein levels in the IBAT were nearly tripled ( Figure 6D ). As this indicated a recruitment due to thyroxine treatment, we examined the levels of UCP1 in the wildtype mice. We found that they were increased when analyzed per mg protein in western blots (exemplified in Figure 6E ), statistically more Figure 7U (same membrane). than 10-fold ( Figure 6F ). After taking into account the increase in total IBAT protein, the total amount of UCP1 in IBAT was increased more than 30-fold ( Figure 6G ). Although the value in the untreated mice, as a consequence of thermoneutrality and chow diet, presumably represents the lowest physiologically obtainable UCP1 levels, the increase is nonetheless such that it should convey some significant thermogenic capacity to the BAT ( Figure 5F ). This higher capacity is probably the background to the observation that the thyroxine-treated mice did not tolerate the norepinephrine injection under thermoneutral conditions. Therefore, it is clear that chronic thyroxine treatment indeed led to increased UCP1 protein expression in brown adipose tissue and therefore provided a possibility for a greater contribution from nonshivering thermogenesis to the elevated metabolism of the thyroxinetreated mice. Western blot analysis was also carried out on the inguinal white adipose tissue samples from all groups of mice; in these samples, no UCP1 protein was detectable ( Figure 6I ).
The effect of chronic thyroxine treatment in male mice
All the above studies were performed on female mice. As it has been reported that sex-specific responses to hyperthyroidism may occur [28] , a similar set of studies were performed on male mice of the same age and under otherwise similar conditions. Qualitatively very similar results were obtained in all respects (Figure 7) . Particularly, the basal metabolic rate was nearly doubled (Figure 7AeF ) and the body temperature was increased ( Figure 7G,H) . Also, in the male wildtype mice, transfer to a colder environment (23 or 4 C) did not result in a lower body temperature (Figure 7I ), supporting the notion that the increased body temperature was not a consequence of the increased metabolism, i.e. not hyperthermia due to difficulties in dissipating the heat; rather also in males it represented pyrexia: a defended, centrally regulated increase in body temperature. A quantitative difference was found in the initial levels of brown adipose tissue UCP1, with the males having levels some 3-fold higher than the females ( Figure 7S versus Figure 6G ), whereas the increase following chronic thyroxine treatment was very similar, being about 30-fold for both sexes. A qualitative difference was that UCP1 protein was detected in the inguinal adipose depot only of the male mice that were thyroxine-treated. The amounts, however, were minor (total amounts in the tissue were 250 AU as compared to 18000 AU in the interscapular brown adipose tissue, i.e. almost 100-fold less in the inguinal depot).
DISCUSSION
In the present investigation, we have examined metabolic effects of thyroid hormone at thermoneutrality, thus avoiding confounding factors related to the metabolic effects of the cold stress experienced by mice exposed to standard housing conditions. We found that peripherally delivered thyroxine led to (the expected) elevations in metabolic rate, body temperature, and food intake and to a loss of body fat. Importantly, all these effects were essentially the same in UCP1-ablated mice. This demonstrates that brown adipose tissue-mediated thermogenesis is not an obligatory component of the acute thyroxineinduced increased metabolism ("thyroid thermogenesis"). Nonetheless, chronic thyroxine treatment markedly increased the levels of UCP1 protein in brown adipose tissue. Thyroxine-treated mice maintained a higher body temperature than vehicle-treated mice even at very low ambient temperatures; this demonstrates that the thyroxinetreated animals defend this elevated body temperature. Therefore, the elevated body temperature is not hyperthermia (i.e. it is not a consequence of hypermetabolism occurring in the absence of a change in the centrally regulated body temperature) but a defended elevation of the body temperature, i.e. pyrexia. The data are of general relevance for discussions of the apparent phenomenon of thyroid-hormoneinduced thermogenesis.
4.1. Thyroid hormone effects in the euthyroid to hyperthyroid transition may be principally different from thyroid hormone effects in hypothyroidism Analysis of the effects of thyroid hormone traditionally utilizes two different experimental platforms. One is that studied here, in which euthyroid animals are treated with thyroid hormone, with effects on metabolism. The other is when animals are made hypothyroid and the effect of replenishment of thyroid hormone is studied. In the latter case, it is clearly so that the expression of numerous genes that have been repressed due to the hypothyroidism e often due to the unligated thyroid hormone receptor functioning as a repressor [31] e are augmented, with subsequent metabolic effects. This is the case both generally in the animal [2, 3] and specifically in brown adipose tissue [32] . Although it may be argued that hyperthyroidism is merely a further augmentation of the hypothyroid to euthyroid transition, this may not be the case; repression may have been fully alleviated already in the euthyroid state. The analysis of the present data, therefore, does not refer to earlier results from studies of hypothyroid animals as an explanation for the here observed metabolic effects of thyroid hormone. Similarly, the thyroxine doses used here exceed those normally used for re-introduction of the euthyroid state in hypothyroid animals and were chosen to ensure that the thyroid hormone effects were saturated so that maximal thyroid thermogenesis was induced.
4.2.
Higher body temperature in thyroxine-treated mice is pyrexia and not hyperthermia Hyperthyroidism is normally associated with an increased body temperature, as also observed here (Figures 4 and 7G,H) . This is often referred to as hyperthermia. Although this term may be used colloquially for any state of increased body temperature, thermoregulatory analysis distinguishes between hyperthermia and pyrexia (fever) (for further discussion of terminology, see Ref. [29] ). Hyperthermia is an increased body temperature caused by an inability of the organism to dissipate the heat transferred to or generated within it. Pyrexia is an increase in body temperature that the organism strives for. (We prefer the term "pyrexia" rather than "fever", due to the common association of the word "fever" with infections). Experimentally, hyperthermia can be relieved if the organism is given the possibility to more easily dissipate the extra heat, e.g. by being placed in colder surroundings. It was clear that the body temperature of the thyroxine-treated mice studied here was not reduced when the mice were acutely transferred to lower environmental temperatures ( Figures 4C and 7I ) and this was true for both milder (23 C) and more severe (4 C) cold conditions for the wildtype mice. The thyroxine-treated UCP1 KO mice only maintained their elevated body temperature at 23 C, but it was decreased at 4 C. However, as this occurred both in the vehicle-treated and in the thyroxine-treated UCP1 KO mice, the inability to maintain the elevated body temperature was fully due to the general inability of these mice (that were acclimated to 30 C) to defend their body temperature in acute cold [30] . Analysis of the Scholander plots ( Figure 4E,F) further supports the notion that the increased body temperature is not hyperthermia, because the slopes do not coincide at lower ambient temperatures as they would if the increased body temperature had been hyperthermia. Instead, the thyroxine-treated mice utilize more energy at any ambient temperature to maintain their elevated body temperature. The result of this experiment in mice is also in accordance with the results of earlier experiments in rats [20, 33] that can be interpreted [34] to show a similar increase of 1e2 C in defended body temperature. Thus, the conclusion from these data is that the elevated body temperature in hyperthyroid states is not a consequence of the increased thermogenesis but is an independent outcome of the hyperthyroidism.
Thyroid hormone directly affects body temperature control
The observation that the effect of thyroxine on body temperature is not secondary to increased metabolism is also in agreement with the result that the increased body temperature is not dependent upon the presence of UCP1 (Figure 4A,B) . Body temperature is believed to be controlled primarily by the POAH (preoptic chiasma anterior hypothalamus) [35] , and this effect of thyroxine should therefore be centrally mediated. Indeed, similar to what was observed here by peripheral thyroxine treatment, we have earlier observed that direct infusion of T 3 into the lateral ventricle in the brain resulted in an increase in body temperature [6] at least in wildtype mice (and an increase in body temperature can also be observed in thyroxine-treated UCP1 KO mice in that paper). Thus, the effect of peripheral thyroxine treatment is most probably centrally mediated. As the thyroxineinduced increase in body temperature has generally been considered to be hyperthermia, studies of the effects of thyroid hormone have not generally included studies of direct effects on the central control of body temperature. There are thus no detailed investigations as to how thyroid hormone affects the POAH and of the augmentation of this effect with time.
4.4. "Thyroid thermogenesis" is largely independent of brown adipose tissue thermogenic activity A major finding in this study is that acute thyroid thermogenesis is not dependent upon brown fat-derived thermogenesis (i.e. not UCP1-dependent). In general, the thyroxine-induced thermogenesis was quantitatively similar in wildtype and UCP1 KO mice, although a minor component (<25%) of the day-time induced thermogenesis was absent when the experiment was performed in UCP1 KO mice ( Figure 2F ). This observation may seem at first sight to be contradictory to earlier studies indicating that thyroid hormone induces nearly all its thermogenesis through a centrally mediated process involving the ventromedial hypothalamus and an increased activation of the sympathetic nerves innervating brown adipose tissue [4, 5] ; indeed, daily metabolic rate was increased by centrally infused T 3 only in wildtype and not in UCP1 KO mice [6] . However, these results were obtained with mice that had been pre-acclimated to 18 C and thus had acquired ample brown-fat thermogenic capacity. When similar experiments were performed with 30 C-acclimated mice, a UCP1-dependent component was not identifiable (Alvarez-Crespo et al., unpublished obs.). Thus, if the mice possess ample brown-fat thermogenic capacity, it may be activated e but the peripherally induced thyroid thermogenesis observed here occurs even in the absence of brown fat-derived thermogenesis. 4.5. "Thyroid thermogenesis" is independent of brite/beige adipose tissue thermogenic activity In addition to the possibility that thyroid thermogenesis emanates from classical brown adipose tissue, the possibility has been discussed that it may be mediated by brite/beige adipose tissue. Indeed, both centrally and peripherally applied thyroid hormone has been reported to increase UCP1 in brite/beige adipose tissue, with the implication that the activity of this UCP1 would contribute to or even explain thyroid thermogenesis [6, 36, 37] . In this study, we were to detect UCP1 protein in the brite/beige adipose tissue of thyroxine-treated female mice ( Figure 6I ) and we only found minuscule amounts of UCP1 protein in thyroxine-treated male mice (Figure 7UeW ) as compared to the amounts of UCP1 protein found in classical brown adipose tissue. However, our data demonstrate that, even if thyroid hormone may induce small amounts of UCP1 in brite/beige tissues, this UCP1 is not the molecular background for thyroid thermogenesis.
4.6. How does hyperthyroidism recruit brown adipose tissue? We found that chronic thyroxine treatment led to a recruitment of brown adipose tissue (Figure 6 ), principally in agreement with earlier observations [20, 23, 24] . This could occur through direct or indirect effects. There are a series of studies indicating the necessity of local thyroid hormone for brown adipose tissue recruitment (e.g. [38] ). However, these studies have generally investigated the transition from a hypothyroid to a euthyroid state and are therefore probably principally different from the conditions examined here, the transition from euthyroid to hyperthyroid. Also, most earlier investigations have concluded that thyroid hormone is essential for brown adipose tissue recruitment such that without thyroid hormone, norepinephrine would be unable to recruit the tissue. The alternative would be that thyroid hormone stimulates the tissue indirectly. The studies of Lopez et al. [4] clearly indicated that thyroid hormone stimulated areas in the ventromedial hypothalamus that in their turn led to an enhanced sympathetic drive to the tissue, and this drive would with time result in a recruitment of the tissue. In the present study, some of the thyroid hormone injected would presumably pass the blood-brain-barrier and stimulate the ventromedial hypothalamus. This would thus be an indirect recruitment by thyroid hormone, mediated by the sympathetic nervous system. Whether this is the mechanism involved could be examined by severing the nerves to the brown adipose tissue and establishing whether the recruitment was still observable, as we recently did in connection with so-called diet-induced thermogenesis and its interaction with brown adipose tissue [9] . Nevertheless, the heat produced through this would be "extra" heat, i.e. heat production not demanded by the thermoregulatory system. It would need to be dissipated by the mouse to prevent true hyperthermia. 4.7. An increased capacity for UCP1-dependent adrenergically stimulated thermogenesis is induced by thyroxine treatment In the chronically thyroxine-treated mice, the response to norepinephrine injection was greater than in the controls (Figures 5F,G and 7K,L). That chronic thyroxine treatment induces a higher response to norepinephrine in the wildtype mice is fully in agreement with the recruitment of brown adipose tissue observed in these mice (Figures 6  and 7PeS ). 4.8. Is an increased capacity for UCP1-independent adrenergically stimulated thermogenesis induced by thyroxine treatment? The responses to norepinephrine injection in both short-term and chronic thyroxine-treated UCP1 KO mice were higher than in the vehicle-treated mice ( Figures 5D,G and 7L ). This would initially seem to imply that thyroid hormone could induce extra e UCP1-independent e mechanisms for adrenergically induced nonshivering thermogenesis. Whereas this possibility cannot be excluded, an alternative explanation would be that the increased response in these cases is secondary to the higher body temperature of these mice and the ensuing increase in reaction kinetics. Thus, the higher rates would not necessitate the introduction of extra thyroxine-induced adrenergic thermogenic mechanisms but the rates would merely reflect a change in the kinetics. 4.9. What is the nature of "thyroid thermogenesis"? The conclusion that thyroid thermogenesis is UCP1-dependent only to a very minor extent evidently raises the question of the nature of the main part of the increased metabolism observed during thyroxine treatment, nearly a doubling of metabolism, occurring to a significant extent even within a few days of thyroxine treatment (Figures 1, 2 and  7AeF) . The literature suggests several mechanisms for this high metabolism. Many are related to increased expression of certain enzymes, but it is unclear how this in itself would result in higher metabolic rates. Typically, an increased expression of the Na/K-ATPase is mentioned [3] , but a mere increase in the amount of this enzyme would not result in an increased metabolic rate. This would only happen if also an increase in membrane permeability were induced, and this has not been unequivocally demonstrated. Similar reasoning can be applied to the sarcoplasmic Ca 2þ pumps. Thus, there is presently no established molecular mechanism for thyroid thermogenesis; this is in contrast to the case for brown-fat-derived thermogenesis that is understandable through the activity of UCP1.
The relation between body temperature and metabolism
What is firmly established in the present investigation is that thyroxine induces an increase in body temperature in the order of 1e2 C. If an organism fully behaves as a simple chemical reaction, a two-to-three fold increase in rates for every 10 C is expected, corresponding to a 7e12% increase in metabolic rate for each degree increase in body temperature. This could then in itself explain about a fifth of the increased metabolism. But do mammals behave simply as a chemical reaction? This is not a question that can easily be answered experimentally, as chronic pyrexic (fever) states are not easily identified (except for the hyperthyroid pyrexia studied here). Most metabolic studies of fever states have investigated acute but transient events after injection of pyrogens of different nature and they are not relevant for the present issue. However, there is a group of animals that present with a high, stable body temperature: the passerine birds. Passerine birds have a body temperature of about 40.5 C, i.e. about 1 C higher than nonpasserine birds and 2.5 C higher than mammals. However, their metabolism is 70% higher than that of non-passerine birds and 100% higher than that of mammals [39] . One implication of this could be that maintaining a higher (1e2 C) body temperature is associated with a much higher increase in metabolic rate than would be predicted simply based on reaction kinetics, i.e. a kind of metabolic acceleration corresponding to the metabolic depression seen at low body temperatures conditions (torpor and hibernation) where metabolism is decreased more than expected from the decline in body temperature and simple Q 10 effects [40, 41] . On the other hand, leptin deficiency/restorationt is associated with a z1 C change in body temperature that is not associated with altered metabolic rate [42] . Still, one possibility to be considered is that the reason that no molecular mechanism for thyroid thermogenesis has as yet been established is that thyroid thermogenesis does not exist; the increased metabolism could be a consequence (and not a cause) of the increased body temperature induced by thyroid hormone.
